I. INTRODUCTION
Conjugated polymers have a large range of applications, due to their wide variety of optical and electronic properties. Among conjugated polymers, head-to-tail-coupled, regioregular (RR) poly(3-alkylthiophenes) (P3ATs) with alkyl sidechains are regarded as being somewhat unique, because they form solid films that have self-organized microcrystalline domains. [1] [2] [3] The formation of such microcrystalline domains was demonstrated to be effective for enhancement of charge carrier mobility in the field-effect transistor (FET) of a representative P3AT, poly(3-hexylthiophene) (P3HT).
3 RR P3HT has thus been considered to be one of the most promising polymers for FET applications. In addition, RR P3AT can be regarded as a prototype of aggregate phases that are partly present in conventional disordered amorphous polymer films. Therefore, the RR P3AT film is also useful as a system allowing for an investigation of the device physics and photophysics of such polymer aggregate phases.
The photophysics of the RR P3AT film has been investigated using spectroscopic techniques. Recently, many studies were reported concerning the photoexcitation dynamics of P3AT films determined by transient absorption techniques, [4] [5] [6] [7] [8] [9] [10] [11] [12] and the understanding of the photophysics in the early stage of photoexcitation has been developed. By contrast, there have been only a few reports of the photophysics in the slow time regime of the RR P3AT film. 4, [13] [14] [15] In this paper, the photophysics of the RR P3AT film under continuouswave (cw) photoexcitation is addressed. The photophysics is important not only for discussing the photoexcitation dynamics in the slow time regime but also for enhancing the performance of the RR P3AT/fullerene composite solar cells that are designed for use under cw photoirradiation. 16, 17 We here adopt a cw photoinduced absorption (PIA) technique, which has been shown to be effective for investigating the slow-regime photoexcitation dynamics of conjugated polymers 4, [13] [14] [15] [18] [19] [20] [21] [22] [23] and must also be effective for directly accessing the photophysics under cw photoirradiation. In the slow time regime, clarifying the behaviors of photogenerated polarons is the key to revealing the dynamics of the RR P3AT film since triplet excitons were shown not to be generated in the RR P3AT film by magnetic resonance techniques. 4 We thus focus on the photophysics of the photogenerated polarons under cw photoexcitation. In addition, we also examine the spectral features of polaron carriers induced by applying a bias in the RR P3HT diode using device modulation (DM) spectroscopy that observes optical probe signals from bias-induced carriers. 9, [24] [25] [26] Through a comparison of the spectral features from cw PIA and DM measurements, we attempt to reveal the difference in the electronic structures of photogenerated and bias-injected polarons.
In addition, the photophysics of photogenerated singlet excitons in the P3AT films is also examined on the basis of bleaching signals of cw-transient and femtosecond-(fs-) transient PIA measurements. The bleaching signals enable us to observe the absorption spectrum of components consumed by photoexcitation. We have recently applied bleaching spectroscopy to the RR P3HT film and demonstrated that the film has several morphological components, and the coexistence of the components can determine the conducting and optical properties of polymer films. 9 The presence of such different components has not been considered in discussing the photophysics and device physics in the RR P3AT film, FIG. 1. Chemical structure of the repeat unit of RR P3AT: R = C 4 H 9 for RR P3BT, R = C 6 H 13 for RR P3HT, R = C 8 H 17 for RR P3OT, and R = C 12 H 25 for RR P3DDT.
excluding our previous study. 9 We attempt to reveal the behavior of photocarriers, bias-induced carriers, and excitons by considering the coexistence of different components in explaining the results of spectroscopic measurements. This attempt will provide new insight into understanding the photophysics and device physics in RR P3AT films.
II. EXPERIMENTAL
RR P3ATs used in this study were RR poly(3-butylthiophene) (P3BT), RR P3HT, RR poly(3-octylthiophene) (P3OT), and RR poly(3-dodecylthiophene) (P3DDT) (Fig. 1 ), which were purchased from Aldrich and used as received. Optical measurements were performed on RR P3AT films. The RR P3AT films were fabricated by spin-casting a chlorobenzene solution of RR P3AT at a concentration of 10 mg/mL. The thickness of the RR P3HT films was approximately 80 nm.
For the cw PIA measurements, excitation was provided by an argon-ion laser at 488 nm (typically ∼50 mW) modulated with an acoustic-optic modulator at 700 Hz. The probe beam for the measurement was produced using a tungsten/halogen lamp. The cw PIA signals were measured using a phasesensitive lock-in technique with a monochromator and a Si photodiode. Photoluminescence (PL) signals were eliminated by subtracting the spectrum measured without the probe beam. The photoexcitation intensity dependence of the cw PIA signals was carefully measured in the range of photoexcitation that does not lead to serious heating and degradation of the sample. The laser system for transient PIA measurements employed a Ti:sapphire laser (Spectra Physics, Hurricane-X) with a repetition rate of 1 kHz at 780 nm (∼100-fs pulse duration). A portion of the beam from the Ti:sapphire amplifier was used to pump an optical parametric amplifier (OPA; Spectra Physics, OPA-800C). Frequency-tunable visible pump pulses were produced by sum-frequency mixing the OPA signal with the residual of the 780-nm fundamental beam in a 1-mm-thick type II β-BaB 2 O 4 crystal. The pump pulse was tuned to 480 nm and used for excitation (50 nJ/pulse). A white-light continuum was produced in a sapphire plate using a portion of the amplified 780-nm beam and was used as probe pulses of variable wavelengths. The probe pulses after the sample were dispersed with a spectrograph and imaged by a 1024-pixel linear photodiode array designed for fast readout and low noise. [27] [28] [29] DM spectroscopy was performed for a diode device made from RR P3HT. The device consisted of four layers: an indium-tin-oxide (ITO) coated glass substrate, a hole-transporting poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT-PSS) layer, the RR P3HT film, and a semitransparent aluminum electrode deposited by vacuum evaporation. A DM spectrum was obtained by applying dc and squared ac voltages (V DC = 0 V and V AC = 1 V, respectively) to the diode device and detecting the modulated signal of the transmitted light synchronized with the frequency of the ac voltage (700 Hz). Electroabsorption (EA) measurements were performed using the coplanar electrode configuration against polymer films with an electrode spacing of 50 μm. The same probe system as that used for the cw PIA measurement was used for detection. All optical measurements were performed at room temperature in an inert atmosphere.
III. RESULTS AND DISCUSSION

A. Spectroscopy of polaron carriers
Figures 2(a), 2(b), and 2(c) show the absorption, cw PIA (photoexcitation intensity is 2×10 3 mW/cm 2 ), and DM spectra of the RR P3HT film, respectively. Both of the cw PIA and DM spectra exhibit clear absorption and bleaching signals induced by cw photoexcitation and bias impression, respectively. The absorption peaks of the cw PIA spectrum at 1.25 and 1.82 eV are assigned to localized polarons (LPs) and delocalized polarons (DPs), respectively, according to previous reports that assigned the peaks using magnetic resonance techniques. 4, 14 The cw PIA spectrum does not contain a contribution from the absorption band of trapped interchain singlet excitons, which the previous reports observed around 1.05 -1.10 eV at low temperatures. 4, 14 The lack of the exciton band would be due to the difference of measurement temperature since we observed the band only at low temperatures.
Absorption peaks at 1.30 and 1.83 eV in the DM spectrum are also assigned as the LP and DP bands, respectively, similar to the PIA spectrum. In contrast, the intensity ratio of the LP to DP band is obviously different between the cw 205203-2 PIA and DM spectra; the LP band is greater in the cw PIA spectrum and the DP band is greater in the DM spectrum. This indicates that the electronic states of polaron carriers generated by photoexcitation and charge injection are different in the P3HT film. Photocarriers generated by cw photoexcitation are dominated by localized polarons, whereas charge injection primarily creates delocalized polarons. The relative change in the optical transmission T induced by photoirradiation is given by T/T ≈ −d α, where d is the sample thickness and α is the photoinduced absorption. This equation relates the modulated signal T to the density of photoexcitations N. The response of N to the photoirradiation intensity I is described by the following rate equations,
for a monomolecular recombination process, and
for a bimolecular recombination process, where η is the photoexcitation quantum efficiency, g is the generation constant, and β and γ are the monomolecular and bimolecular recombination constants, respectively. 19, 20 N in cw photoirradiation is obtained by a steady-state solution of Eq. (1) or (2) . It follows from the solution that T/T (∝N) is proportional to I for the monomolecular process and to I 1/2 for the bimolecular process. In the case of the bimolecular process, a steady-state condition in cw PIA is obtained when ωτ γ 1, where ω is the modulation angular frequency of photoexcitation and τ γ is the bimolecular lifetime obtained by (η gIγ ) −1/2 . 22 We can determine from the photoexcitation intensity dependence of the cw PIA signals whether the monomolecular or the bimolecular process is dominant. Figure 3 shows the photoexcitation intensity dependence of the LP (1.25-eV) and DP band (1.82-eV) intensities of the cw PIA spectrum for the RR P3HT film. The intensities of both bands increase nonlinearly with the photoexcitation intensity. The intensity dependence was thus fitted using the square root of the intensity (I 1/2 ). The best-fit result is shown in Fig. 3 and demonstrates that the intensity dependence of both bands is almost reproduced by the I 1/2 function. It is thus concluded that both LP and DP obey a bimolecular recombination process under cw photoexcitation. However, the intensity dependence of both LP and DP bands seems somewhat linear below 300 mW/cm 2 . Therefore, the bimolecular recombination process may occur above 300 mW/cm 2 . Figure 3 also shows the photoexcitation dependence of the PL intensity for the RR P3HT film. The PL intensity increases linearly with the photoexcitation intensity. Therefore, singlet excitons responsible for PL in the RR P3HT film obey a monomolecular recombination process under cw photoexcitation. It is thus suggested that the proportion of singlet excitons to polaron carriers increases with the increase of the photoexcitation intensity. Figure 4 shows the voltage dependence of the DM signal intensity for the RR P3HT film detected at the LP (1.30-eV) and DP (1.83-eV) bands. This voltage dependence was measured by modulating squared ac voltages between 0 V and the indicated voltage corresponding to applying x/2 ± x/2 V for a signal at x V. The result demonstrates that both the LP and DP bands increase linearly with voltage below 1 V, and then exhibit a more rapid increase above 1 V. This turning point at 1 V is consistent with the current-voltage characteristics, which showed behavior typical of the space-charge-limited current (SCLC). 9 Below 1 V, the current of the P3HT diode increased linearly with voltage, typical behavior for ohmic electrical conduction. 9 In ohmic conduction, the number of carriers is assumed to remain constant as the voltage increases. Therefore, the DM signals below 1 V are not obtained by carriers responsible for the ohmic conduction. We consider that the immobile or trapped carriers generated by applied bias may contribute to the DM signals in this voltage region.
By contrast, the increase of the DM signals above 1 V is expected to be due to mobile polarons, since it is consistent with the rise of the SCLC behavior. The rises of the current and the DM signals above 1 V were fitted using a power function of voltage (V n ) to examine a relation between them. The best-fit results were n = 2.31, 1.20, and 1.23 for the current, the LP bands and the DP bands in the DM signals, respectively; the results of fit for the LP and DP signals are shown in Fig. 4 . The SCLC conduction typically increases depending on the square of voltage, which is given by linear increases of carrier number and electric field against a voltage increase. 30 The obtained n value somewhat larger than 2 in the current may be due to a distribution of energy levels in mobile carriers. In this case, the rise of the DM signals should increase with a V dependence of n ≈ 1.3, which is somewhat larger than the obtained values in the LP and DP bands. We consider that this discrepancy would arise from a change in the carrier mobility depending on voltage that contributes only to the current.
Bleaching signals of a cw PIA spectrum are given by an absorption spectrum of components consumed by cw photoexcitation. A bleaching spectrum thus provides information on the location of photoexcited species. In the case of the RR P3HT film, the bleaching spectrum of a PIA spectrum primarily reflects the location of singlet excitons. 9 In particular, the bleaching spectrum in the cw PIA measurement shown in Fig. 2(b) is almost determined by the final migration sites of excitons. 9 Therefore, the difference between the cw PIA bleaching and steady-state absorption spectra in Fig. 2(a) indicates that the excitons are finally localized at specific sites in the film. Bleaching signals of a DM spectrum correspond to the absorption spectrum of neutral components converted into carriers by charge injection, and the bleaching spectrum provides information on the location of injected carriers. The bleaching spectrum of the DM spectrum in Fig. 2(c) is similar to that for the cw PIA spectrum, which suggests that injected polaron carriers under the bias range are located at similar sites to which the excitons finally migrate.
By contrast, comparison of the ratio of the bleaching intensity with the polaron band intensity for the cw PIA and DM spectra indicates that the relative polaron band intensity is weaker in the cw PIA spectrum. This suggests that the proportion of polarons generated from photoexcitation is low. We now assume that DM signals from excitons are negligibly small, and hence that the areal ratio of the polaron band signals to the bleaching signals in the DM spectrum corresponds to a case where only polaron carriers are generated by bias impression. It is also noted that the contribution of EA signals to the DM spectrum is negligible. 9 An estimate of the proportion of polarons from photoexcitation is then made for the cw PIA spectrum based on these assumptions.
For simplicity, we further assume that the oscillator strength of the LP and DP bands is the same and that the absorption component of the observed cw PIA spectrum is given only by polaron carriers including mobile and trapped carriers. Overlapped signals around the crossover point between bleaching and absorption components are also neglected. The integrals of the bleaching signals in the cw PIA and DM spectra were calculated below 2.3 eV. The integral ratio of the absorption component to the bleaching component was calculated to be 0.46 for the cw PIA spectrum and 1.6 for the DM spectrum. In cw photoexcitation, negative polarons are simultaneously generated with positive polarons, and we assume that both polarons yield the same integral intensity in the spectral range, based on recent theoretical work on thiophene oligomers. 31 It is then concluded that the proportion of positive or negative polarons in the photoexcitations is 0.14 under a photoexcitation intensity of 2 × 10 3 mW/cm 2 . This small value is consistent with the low photoexcitation quantum efficiency of polarons determined previously using transient absorption measurements. 5, 8 The remainder of the photoexcitations (0.86 in proportion) should be mostly excitons. Whereas the cw PIA signals of LP and DP bands increase with I 1/2 under I > 300 mW/cm 2 , the PL increases linearly with I, as shown in Fig. 3 . This indicates that the proportion of polarons increases with decreasing I because of a reduction in the recombination of polarons. We now assume that the photoexcited species excluding the polarons are all excitons, and PL simply increases with the number of photogenerated excitons. The I dependence of the proportion of polarons from photoexcitation can then be estimated using the relationships of I dependence with the cw PIA and PL signals. Calculations conclude the proportion of polarons to be 1/(1+0.137I 1/2 ) for the photoexcitation intensity I (mW/cm 2 ) under I > 300 mW/cm 2 . Although this relation was derived under several assumptions, it enables us to estimate the polaron proportion in the RR P3HT films over a wide range of cw photoexcitation intensity as long as the condition ωτ γ 1 is satisfied.
B. Final migration sites in a series of P3AT films
The excitons of the P3HT film have been shown to finally arrive at specific minor sites in the film. Elucidating the nature of the final arriving sites is important because they can determine photophysical properties under cw photoirradiation. It is known that RR P3AT forms solid films with microcrystalline lamella structures and that the interlamella distance varies with the length of the alkyl substituents: 12.63Å (P3BT), 16 .36Å (P3HT), 20.10Å (P3OT) and 27.19Å (P3DDT). 2 We can thus investigate whether such final migration sites depend on the interlamella distance from the bleaching spectra of a series of P3AT films. Figure 5 shows the cw PIA bleaching spectra of the RR P3BT, RR P3HT, RR P3OT, and RR P3DDT films. The line shapes of the bleaching spectra change with the length of the alkyl sidechains. In addition, Fig. 6 presents the transient PIA spectra for the RR P3OT film recorded at 10, 50, 100, and 300 ps after photoexcitation. The spectra demonstrate that the spectral line shape varies with time, similar to the case of RR P3HT reported previously. 9 It was recently reported that the bleaching components of transient PIA signals for a P3HT film are due to a contribution of EA from ground-state chromophores, due to the local field of charge pairs. 11 Therefore, we discuss the contribution of EA signals to the PIA spectra before considering the origin of the observed bleaching spectra. Figure 7 shows comparison of EA spectra for the RR P3HT and RR P3DDT films. The EA spectra exhibit a line shape similar to that of previous reports 14,32,33 and demonstrate that the line shape is almost independent of the alkyl sidechain length. The EA spectrum of the RR P3HT film is somewhat similar to the cw PIA bleaching spectrum shown in Fig. 2(b) . However, the EA and cw PIA bleaching spectra of the RR P3DDT film are obviously different. Furthermore, the observed bleaching spectra give only positive signals, whereas the sign of the EA signals changes at around 2.2 eV. These spectral features confirm that the cw PIA bleaching spectra in Fig. 5 are not given by the EA signals. This also leads to a conclusion that the transient bleaching spectra are also not due to EA components, because the previously reported bleaching spectra of the transient PIA for the RR P3HT film 9 consist of a spectral component similar to the cw PIA bleaching and a component observed in the early stage of photoexcitation that is not similar to the EA spectrum. The observed temporal bleaching shift of P3OT in Fig. 6 is thus attributed to the migration of excitons. The bleaching spectrum at 10 ps has a different line shape from that of its cw PIA bleaching spectrum and is similar to the transient bleaching spectra of RR P3HT at 0 and 10 ps reported previously. 9 This indicates that similar morphological components are consumed in the early stage of photoexcitation for the P3HT and P3OT films, but their final migration sites are different.
Whether a spectrum is composed of a single component or several can be determined by fitting the spectrum with a Franck-Condon (FC) model using a single Huang-Rhys (HR) factor. The FC model describes the relative intensity of the phonon replica as being given by
where S is the HR factor and is the line-shape operator. The terms ω 0 and ω p are the 0-0 transition frequency and the phonon frequency, respectively. FC analyses were performed using a single HR factor for the bleaching spectra in Fig. 5 . In the analyses, we treated only a single-phonon mode, causing apparent splittings. The results of the fit are shown in Fig. 5 and the parameters obtained from the analyses are given in Table I . The fitted curves demonstrate that the cw PIA spectra of the P3AT films are almost reproduced by a simple FC progression using a single HR factor, which indicates that each bleaching spectrum primarily consists of a single component. Fig. 4 ; the Gaussian full width at half-maximum (FWHM), the 0-0 transition energy (E 0 ), and the average phonon energy (E p ). The spectra in Fig. 5 demonstrate that the bleaching spectra of the RR P3BT and RR P3HT films are given by a similar single component. It was theoretically shown that interchain couplings in the lamella aggregate component of RR P3HT cause the 0-0 transition of its PL spectrum to be forbidden unless disorder is present, 34 which suggests that the 0-0 transition of the absorption spectrum can also be reduced because of interchain coupling. Therefore, the single bleaching component of RR P3BT and RR P3HT would be a quasi-intrachain species created at certain lamella aggregates. By contrast, the bleaching spectra of RR P3OT and RR P3DDT exhibit different lineshapes from those of RR P3BT and RR P3HT. It is thus concluded that the bleaching component of RR P3BT and RR P3HT is stabilized by the reduced interlamella distance in the P3AT films. Slight deformation of the lamella structure or weakened interchain couplings due to a reduced interlamella distance might create the bleaching component.
The difference in the bleaching line shape among the P3AT films is represented by the HR factors given in Table I . The HR factor gives a measure of the strength of the electron-phonon couplings. A trend in the obtained HR factors thus indicates that the electron-phonon couplings of final migration sites become strong with increasing interlamella distance in the P3AT film. Figure 8 shows PL spectra of the RR P3HT and RR P3DDT films obtained from the same samples as those used in the cw PIA measurements. Comparison of the two PL spectra demonstrates that the intensity ratio of the 0-1 peak to the 0-0 peak of RR P3HT is smaller than that of RR P3DDT, which suggests that the HR factor of PL in RR P3HT is smaller. Therefore, the electron-phonon couplings of excitons responsible for PL increase with increasing interlamella distance in the P3AT film, which is consistent with the results of the bleaching spectra. This trend in PL is important, because the steady-state absorption spectra of the P3AT films are generally featureless and not largely dependent on the length of the alkyl sidechains, 35 as also suggested from the EA spectra in Fig. 7 . This indicates that, although the steady-state absorption is determined by major interchain aggregate components, final migration minor sites observed in the cw PIA bleaching spectra primarily determine the photophysical properties of P3AT films under cw photoexcitation, as seen in steady-state PL spectra.
IV. CONCLUSIONS
The spectral features of excitons, photocarriers, and device carriers in RR P3AT films were investigated based on cwand fs-transient PIA and DM techniques. Comparison of the cw PIA and DM spectra of the P3HT film revealed that photocarriers generated by cw photoexcitation are dominated by localized polarons, whereas charge injection primarily creates delocalized polarons. The photoexcitation intensity dependence of the cw PIA signals demonstrated that both localized and delocalized polarons generated by photoexcitation obey a bimolecular recombination process under cw photoexcitation. The DM technique revealed that both DP and LP components rapidly increase at a rise point of the bias current. The proportion of positive or negative polarons in the photoexcitations was estimated by evaluating the intensity ratio of bleaching and absorption signals in the DM and cw PIA spectra to be 1/(1+0.137I 1/2 ) for the photoexcitation intensity I (mW/cm 2 ). The final migration sites of photoexcited excitons in the P3AT films were investigated from the cw PIA bleaching spectra. It was demonstrated that the line shape of bleaching spectra changes with the length of the alkyl sidechains of P3AT. FC analyses showed that the cw PIA bleaching spectra of the P3AT films were almost reproduced by a simple FC progression using a single HR factor. The analyses revealed a trend that the electron-phonon couplings of final migration sites become strong with increasing interlamella distance in P3AT films. This indicates that interlamella couplings affect the electron-phonon couplings of the quasi-intrachain species created at two-dimensional lamellas.
